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SUMMARY

A flow-system technique has been developed that detects the high-
frequency resistance and capacitance changes in a sensing orifice due to
the passage of cells through the orifice. The resistance and capacitance
changes are related t~ cell properties such as size, plasma membrane
capacitance, and electrical resistivity of the cell interior. The
relationship between measured impedances and cellular properties is
discussed, and the prototype instrument for making such measurements is
described. The instrument can simultaneously detect the dc Coulter volume
and two ac parameters related to the complex ac impedance change. Some
initial tests of the instrument using plastic microspheres and Chinese

hamster ovary cells are described.



For more than 50 years, measurements of the electrical impedance of cell
suspensions have been used to probe the structure and composition of cells.
The Coulter volume measurement, which was the first parameter to be used for
the flow-system analysis of cells (6), is an impedance measurement at zero
frequency (dc) or a measure of resistance. If the impedanc; measurement is
made using an alternating electrical current of high frequency, it yields
information that is much richer than the "volume" measured in the dc instance.
We have developed a technique for making high-frequency impedance measure-
ments on individual cells in a flow system. The purpose of this paper is to
describe the technique and to give some insight into what information about
cellular properties may be expected from the measurements. We will first
discuss the basic impedance properties of cell suspensions and indicate the
relationship between certain cellular properties and the impedance of the cell
suspension. We will then describe the basic technique we use to make
impedance measurements in a flow system and will discuss the electronics used
in our detection scheme. Finally, we will discuss some preliminary results

obtained with the present instrument.



IMPEDANCE PROPERTIES OF CELL SUSPENSIONS

We will consider the cell suspension 1ﬁpedance to be represented by a
parallel combination of a resistance, R, and a capacitance, C. The impedance,
I—;§§3§E3 where j = V-1 and w = 2T x frequency.
The admittance, A, is given by A = 1/Z = 1/R + jwC. It will usually be most

Z, of the combination is Z =

convenient to consider the resistance and capacitance separately rather than

the impedance. There are several good reviews of biological impedance properties
(3,19-21), and we will present here only some basic ideas that will serve to
introduce the subject. A suspension of cells can be represented electrically

by an RC network with one or more time constants (19). This means that the
resistance and capacitance of the suspension are functions of frequency.

The basis for this frequency dependence can be illustrated with a simple model.
We will consider a cell to be composed of a uniférm, homogeneous, spherical
cytoplasm surrounded by a thin, nonconducting membrane. Although the cell mem-
brane is considered to have no conductance (a situation very well approximated
by normal cells), it has a rather large capacitance per unit area, CM. Thus,
at dc or low frequency, the cell appears electrically to be a perfect insulator,
indistinguishable from a plastic sphere of the same size and shape, but at high
frequencies, the membrane is shorted out and is electrically "invisible." The

ell appears then as a sphere of cytoplasm. Figure la shows how the resistance
and capacitance of a suspension of the model cells vary with frequency. The
calculations are based on a theory by Pauly and Schwan (15,16), and the relevant
equations are given in the appendix. To eliminate geometrical factors, the

1 ) and dielectric

results are plotted as conductivity (proportional to Tesistance

constant (proportional to capacitance). Both the conductivity and dielectric

constant are essentially constant when the ffequency is either very high or very
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low, compared to a characteristic frequency, fo. fo is defined as the frequency
where the sigmoid-shaped curve has its midpoint.

The low-frequency conductivity is the impedance parameter detected in the
Coulter volume measurement. If the plasma membrane is nonconducting, the low-
frequency conductivity, ko’ depends only on the relative voiume of the cell.

The low~frequency dielectric constant, €, is primarily due to the plasma

membrane capacitance, C.,. It is proportional to CM and to the fourth power of

M
the cell diameter, D. The high-frequency conductivity, k., 1is determined by
the resistivity, Pys of the cell interior as well as the relative volume.

The high-frequency dielectric constant, €9 is determined by the dielectrac
constant of the cell interior, €y and the relative volume. In a flow system,
the relative volume 1s proportional to the volume of ; single cell. For the
spherical model cell, the Coulter volume measurement, or ko, thus gives the
volume and diameter of the cell. If so is determined simultaneously with the
Coulter volume, then CM is determined. If k°° and kb are determined simulta-
neously, then Py is determined. 1If ¢ and ko are determined simultaneously,
then the internal dielectric constant §f the cell is determined. It is
important to note that the characteristic frequency, fo’ depends on several

factors and is inversely proportional to both C, and cell diameter, D.

M
Figure 1lb shows the change in a flow-system orifice impedance due to entry of
the model cell. Note that the reactance change is a mzximum at the character-

.istic frequency. In principle, it is possible to determine D, CM’ Py> and
€4 by simultaneously measuring the cell impedance at extremes of low and high
frequency. In practice, cell impedance measurements are complicated by

internal cell structure and nonspher:cal shape, but the impedance at low- and

high-frequency extremes will still depend on cellular properties such as CM

and p:l in much the same way as does the simple model discussed above.
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Some idea of the range of cellular impedance properties may be obtained from
Table I. In most cases shown, the cellular properties were determined from
static impedance measurements on suspensions of cells. The membrane specific
capacitance is often considered to have a constant nominal value of 1 uF/cmz,
but experimental values for various cell types range from 0.8 to 2.8 uF/cmz.
Cell membrane resistance is quite large for normal cells and generally may
be considered infinite if the specific resistance is greater than 100 ohm—cmz.
The resistivity of the cell interior is always greater than that of normal
saline (resistivity = 67 ohm-cm), but the experimental values lie in quite a
large range of 77 to 556 ohm-cm. The internal resistivity is a function of
macromolecule concentration and possibly internal structure and other factors.
The dielectric constant of the cell interier is usually less than that of
saline (dielectric constant = 78), although it may appear to be larger if
internal structures such as the nucleus are sufficiently large and nonconduct~
ing. The wide variation in cellular parauweters such as CM and pi suggest that

cell impedance properties may be useful parameters for cell classification

and analysis ir. flow systems.



MATERIALS AND METHODS

The basic method for measuring the ac impedance of cells is simply an exten-
sion of the Coulter volume technique. An ac current is made to flow through a
small saline-filled orifice and, when a cell enters the orifice, the impedance
across the orifice and the voltage across the orifice change. In general, both
the amplitude and phase of the ac voltage across the orifice change and reflect
the complex impedance change due to entry of the cell. Instruments have been
built by Toa Electric Co., Ltd., and Coulter Electronics, Inc., which detect
either the ac phase or the amplitude changes produced by cells in a sensing
orifice. The Toa instrument is apparently designed to detect phase changes (11),
while the prot;type Coulter instrument detects amplitude changes (23). In the
Coulter instrument, the ac amplitude change is divided by the dc amplitude change
to yleld a parameter called "opacity" (23). The "opacity" has been correlated
with cell buoyant density (23) and with changes in cell populations after
immunization to tumor cells (24).

Our approach differs from previous ones in that we use phase-sensitive detec-
tion to obtain the complete complex voltage change produced by a cell passing
through the orifice. Since we want to detect both the resistance and capacitance
changes in orifice impedance, our circuit has been arranged so that one detector
will have an output proportional to the resistance change, while a second
detector will have an output proportionql to the capacitance change. A
simplified schematic of the detector scheme is shown in Fig. 2. The
sensing orifice is part of a bridge circuit. A steady ac signal is applied
across nodes C and D. In our first experiments, node D has been grounded.

A change in the sensing orifice impedance causes a change in the voltage at

node A. When the bridge is balanced, the steady signals at nodes A and B
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are equal, and the differential amplifier output is only the transient change
at node A due to a transient change in the sensing orifice impedance. One

can think of the voltage at node A as a éarrier signal upon which a modulation
is produced by changes in the sensing orifice impedance. When cells pass
through the sensing orifice, they produce an asynchronous puise nodulation.
The purpose of the remainder of the circuit is to demodulate the signal into
two components that are 90° out of phase. In terms of ac circuit theory, the
signal is demodulated into the two separate components of its complex amplitude.
In our first experiments, we have used an inductor, L, to tune out the sensing
orifice capacitance and a similar reactance network, X, is tuned for infinite
reactance at bridge balance. Thus, at the frequency, f, of the ac voltage
applied across nodes C and D, all the impedance elemcents in the bridge can

be made nearly pure resistors. It can be shown that, under these conditions,
the change in voltage at node A due to a small capacitance change, AC, and

small resistance change, AR, in the sensing orifice has two components given

by:
L
AV (0°) = ———B—E———-E AR
(R +RH °
(o]
)
-27 fR'R “E
AV (90°) -»——9—2 AC
(R, +R") °

where AV (0°) and AV (90°), respectively, are the changes in voltage that are
in phase and 90° out of phase (quadrature) relative to the voltage across

nodes C and D. E 1is the amplitude of the voltage applied across nodes C and D.
Thus, separate signals can be obtained that are proportional to the resistance

and capacitance changes in the orifice,



The bridge output usually has been detected with a differential amplifier.
An NE592 integrated circuit with a FET buffered input has been used for this
purpose. A reference signal is obtained through a similar amplifier which
compensates for the phase shift in the differential amplifier. Thus, the
phase is referenced to the bridge driving voltage between nodes C and D. A
90° phase shifted reference is obtained with a standard operational amplifier
circuit (10). The product or syachronous detectors use an MC1596 balanced
modulator integrated circuit. The detector sensitivity is approximately
2 WV, and the linear input range is O to 100 mV RMS. The detectors are phase-
sensitive with the demodulated output proportional to COS¢, where ¢ is the
phase difference between the signal and reference input voltages. Rather,
conventional ac coupled amplifiers with bandwidths of approximately 1 to
100 kHz amplify the demodulated signals to levels appropriate for pulse-height
analysis.

The flow system is shown in Fig. 3. It uses a single sheath stream tn
constrain the éample stream to the center cf the sensing orifice. The flow
cell contains two pairs of electrodes. The large platinum electrodes shown
in Fig. 2 are used to pass a dc current through the orifice. A separate pair
of elertrodes is located in the sensing orifice assembly. One configration
used for the orifice assembly is shown in Fig. 4. Tais type of runsing
orifice 1s constructed using thick film hybrid circuit techniques. The sensing
orifice electrodes are connected to nodes A and D of the bridge circuit, as
shown in Fig., 2. They serve to pass the ac current into the sensing orifice
and may be used also to detect the dc Coulter volume signal when a dc current
is ragsed through the sensing orifice by the external electrodes. When dc

Coulter volume is detected simultaneously with the ac parameters, a small
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capacitor 1s placed in series with inductor, L, to 'revent a dc short circuit.
The dc¢ Coulter volume signal is separated from the ac signals using simple low-
pass and high-pass filters at the output of the differential amplifier. The
filters are not shown in Fig. 2.

Our instrument is still in the developmental stage, and we'do not intend
to discuss construction details because :they may change in the near future.
Rather, we wish to point out certain problems asscciated with making ac
measurements in a flow system. A major problem that affects the ac measure-
ments is noise in the radio-frequency signal generator. An erythrocyte in
an orifice 100 um in diameter by 250 pm in length produces a modulation on
the detector signal of the order of 0.001%. A good commercial signal gen-
erator may have a noise level of 0.017% in a band 100 kHz removed from the
carrier frequency. Thus, some means of reducing this noise level is
necessary if one is to obtain good resolution. The means we have chosen is
the bridge circuit, which provides ;ommon-mode rejection. The bridge also
reduces the steady voltage or 'carrier' applied to the detector and thus
reduces the dynamic range required of the detector. It is important to note
that, if the bridge is to provide rejection of noise as well as the carrier,
the bridge must be balanced not only at the carrier frequency but also in a
band above the carrier which contains the modulation. In our case, we
require that the bridge be balanced in a band 100 kHz above the carrier
frequency. One way to obtain balance over a wide frequercy range is to make
the bridge as symmetrical as possible. In practice, it has been relatively
easy to reduce the radio-frequency generator noise by a factor of 10 to 100,
and the carrier can be made insignificant. It has not been poscible, however,

to null out the harmonics of the carrier frequency.

~11-



A second limitation 1s the voltage which may be applied to the differential
amplifier. If the radio-frequency generator is transformer-coupled to nodes C
and D, then any one of the nodes may be grounded. If nodes C and D are left
floating and node A or B is grounded, then the differential amplifier can be
replaced with a single-ended one whose input signal is the difference in voltage
between nodes A and B.l This dffference in voltage can be made quite small if
the bridge is near balance. A transformer is also an inexpensive means to
increasnr the voltage applied to the circuit.

A further problem is reduction of the modulation signal due to conductive
paths shunting the sensing orifice at high frequencies. These shunting
paths essentially add a resistance in parallel with the orifice resistance,
Ro’ and reduce the actual impedance change between nodés A and D of the
bridge, compared to the impedance change in the sensing orifice. The reasons
for this additional conductive path in our present flow cell are not known.
Both capaclt!vely coupled conductive paths and dielectric losses in the flow
cell probably contribute. Placing the sensing electrodes within or very near
the sensing orifice minimizes this problém, but at present this is the malor

limitation that has prevented our using frequencies higher than A few MHz.
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RESULTS AND DISCUSSION

The present instrument can detect both resistive (6° detector) and
capacitive (90° detector) impedance changes due to typical mammalian cells.
The signals from the 90° detector, however, generally have been too near the
noise level to permit useful pulse-height analysis with this parameter. It
has been possible to perform pulse-height analyses on the dc Coulter volume
signal and the 0° ac pavameter, which are detected simultaneously. Poly-
styrene microspheres and Chinese hamster ovary (CHO) cells have been used in
initial tests of instrument capabilities. Figure 5 shows pulse-height spectra
of the dc Coulter volume and the 0° ac parameter for 15.7-um diameter roly-
styrene microspheres and CHO cells. For this experiment, the circuit
configuration shown in Fig. 2 was used with node D of the bridge grounded.

The frequency of the radio-frequency generator was 1.00 MHz, and the voltage
applied across nodes C and D was 3 V RMS. The sensing ﬁrifice showr. in Fig. 3
was used. All measurement conditions were identical for the experiments with
the polystyrene spheres and CHO cells. The dc and ac parameters for each

event were obtained simultaneously and stored in a computcr using the data
acquisition system for the LASL Sorter II multiparameter cell sorter (18).
Standard LASL software (18) was used for subsequent data analysis. The signal-
to-noise ratio was generally 10:1 or better for the dc parameter, and no

noise peak appeared in the distributions of the dc parameter. Noise is a
greater problem for ac measureme..ts ana is substantial in channels 9 and below.

Tha resolutiorn of the instrument was just sufficient to allow a reasonable
pulse-height spectrum to be obtained for CHO cells, whose mean diameter is
approxinarely 12.5 um. Figure 6 shows the data from Fig. 4a and 4b »resented

in a two-parameter contour plot. Most events are from CHO cells, but a

-13-



subpopulation shown in the crosshatched region is due to a small (0.3%)
contamination of 15.7-uym polystyrene spheres that were not completely flushed
out after a previous experiment.

There is a high correlation between the 0° ac and dc parameters for CHO
cells. This 1is not unexpected at the relatively low frequenéy used. There
were several poorly resolved minor peaks in the two-parameter contour plot,
but they have not been interpreted. Additional experiments with CHO cells
have shown that the peak of the 0° ac distribution shifts to higher channels
as the ac frequency 1s decreased from 1.0 to 0.7 MHz. This 1s expected, since
the resistance change produced by the cell is expected to increase as the
frequency is decreased (see Fig. 1b).

Some recent experiments with different circuit configurations have enabled
us to increase instrument resolution. A broadband transformer was used to
couple a radio-frequency generator to the bridge, and nodes C and D shown in
Fig. 2 were floated above ground. The transformer also stepped up the voltage
applied to the bridge from 3 to 9 V RMS., Node B was grounded and a single-ended
amplifier connected between node A and the product detectors. The reference
voltage was taken from the primary of the transformer. Pulse-height spectra
of the 0° ac parameter f>r 7.8-um diameter polystyrene microspheres were
obtained using a sapphire sensing orifice 91 um in diameter and 250 um in
length. The signal-to-noise ratio was 3:1, and the coefficient of variation
was 12% at a frequency of 1.2 MHz. This resolution would be sufficient to
detect 7-um spheres in a 91-um diameter by 250-um long orifice.

The high-frequency resistance and capacitance measurements of cells have
the potential to be unique, new parameters for flow-system analysis of single

cells. A method has been described which, with technical improvements, can

14~
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make such measurements on a wide range of ceil types. It will be possible in
the near future to begin exploring possible applications in biology and

clinical cytology.

-15=



ACKNOWLEDGMENT

This work was performed under interagency agreement Y01-CM-40102 between
the United States Department of Energy and the National Cancer Institute

of the NMational Institutes of Health.

=16~



FOOTNOTE

lWe thank W. H. Coulter and W. R. Hogg for this suggestion.

-17-



APPENDIX

Impedance of a Suspension of Spherical Cells

The simplest, realistic model for a cell is a uniform homogeneous cyto-
plasm surrounded by a thin membrane. Pauly and Schwan (16) have determined
the electrical impedance of a suspension of spherical cells with these prop-
erties. If the.membrane of the cell is essentially nonconducting, then the

following equations result (15).

. .1l -p/2 9 p
€& " 1+p 7 3 (-:r) (p + 1) DOy (A1)
(er - 8.85 x 10714 Farad/cm)
(1 + 2p) €4 + 2(1 - p) €g
€ "€ T Py e, T2V P & (42)
i 8
k= kg [Q -p)/QA + p/2)] (A3)
1+ 2p (k= k )/ (k, + 2k)
k =k s p s 8 (Aa)
w ™ % T - p (ky - k)/(k; + 2k )
ky + 2k -1
£, =] 7 DCy 2K, K_ (A5)

where €, and ko are the values of dielectric constant and conductivity in the
low-frequency limit, € and k_ are the values in the high-frequency limit, p

is the volume fraction of the cells, C, is tlie membrane specific capacitance,

M

ei and es are the dielectric constants of the cytoplasm and external medium,
respectively, and ki and ks are the conductivities of the cytoplasm and external

medium, respectively. D is the cell diameter. The membrane resistance is

-]18~



the cell suspension at an arbitrary frequency, f, are given by:
2
e=c, + le, -€)/[1+ (£/£)7]
. 2
k =k, + (k -k,J/[1+ (£/£)]

f° is called the characteristic frequency. The equations apply equally well

to a suspension of a single cell cor a suspension of many identical cells.

d

assumed to be infinitely large. The dielectric constant and conductivity of
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TABLE I

Electrical Properties of Cells Assuming Homogeneous Cell Interior

Plasma Membrane Plasma Membrane Cell Interior Cell Interior

Specific Specific Resistivity, Dielectric
. Capacitagce, C Resistagce, RM pi Constant
Cell type (uF/cm®) (ohm-cm®) (ohin-cm) € Reference
1. Pleuropneumonia-like organism 1.30 100 (22)
2. Escherichia coli 1.00 333 (2)
3. Beef erythrocyte 230 51.3 an
4. Dog erythrocyte 0.81 (7
5. Human erythrocyte 0.80 (8)
6. Human erythrocyte 193 50.1 (17)
7. Yeast 1.10 330 50.0 (1)
8. Froz egg 2.00 170 570 (5)
9. Asterias egg 860 (13)
10. Arbacia egg (unfertilized) 1.10° 180 (4)
11. Arbacia egg (fertilized) 2.80 210 (4)
12. Rabbit leukocyte 1.00 140 ) 9
13. Ehrlich-ascites tumor 2.00 77 > 70.02 (15)
14. Ehrlich-ascites tumor 1 (14)
15. Mouse lymphoblast 0.98 ~ 1000 155 139.0 (12)
16. Chinese hamster ovary 1.55 117 (b)

8Based on datum € = 70 and estimate €, > 70.

bHoffman RA:

unpublished data.

cycle.

The data are averaged for cells examined in var?ous parts of the cell



FIG. 1. Impedance properties of a model spherical ceil according to the

Pauly-Schwan theory (15). The cell nroperties are diameter = 20 um, CM =
i uF/cmz, €y = 100, Py = 100 ohm--cm. The saline electrical properties are

= 80 and p = 67 ohn~cm. (&) Dielectric constant and conduc-

esaline saline

tivity of normal saline and a 17. (by volume) suspension of the model cells
in normal saline; and (b) percentage change in an crifice resistance and

reactance due to eutry of the model cell. The model cell occupies 1% of the

orifice volune.
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FIG. 2. Simplified schematic of phase-sensitive det.ector scheme.
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FIG. 3. Schematic of the flow system (flow chamber not to scale).
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FIG. 4. Sensing orifice: (a) electrode pattern; and (b) cross-section
view through the orifice. The electrodes and glass insulator layers were

built up on the ceramic substrate using hybrid circuit fabrication techniques.
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FIG., 5. Examples of pulse-height spectra obtained with the flow-system
instrument. Spectra 3a and 3b are the dc Coulter volume and 0° ac pulse
spectra, respectively, for 15.7-im diameter polystyrene spheres. Spectra 3c
and 3d are the dc Coulter volume and 0° ac pulse spectra for Chinese hamster
ovary (CHO) cells. The frequency for the ac measurements vas 1.0 MHz in
both cases, and all measurement conditions were identical for the experiments
with plastic spheres and CHO cells. The dc and ac measurements were made
simultaneously for each particle, and the results were stored in a computer

for later analysis.
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FIG. 6. Contour map of the CHO cell data shown in Fig. 5. The contours
are for 10, 100, 800 and 1200 events. There is a b'gh correlation between
the ac and dc parameters; however, several poorly resolved peaks were
observed in the distribution which have not been interpreted. The population
shown in the crosshatched region is a small contaminagion of 15.7-um plastic

spheres from a previous experiment.
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